We discuss the ground state electronic structure and magnetization properties of a series of NiFe 2−x Al x O 4 solid solutions (x = 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0) using magnetic Compton scattering measurements, together with parallel first-principles computations. In this way, we systematically extract the complicated cation distributions in this ferrite system as a function of x. The relationship between the electronic ground state, magnetism, and cation distributions is explained in terms of a model, validated by our first-principles computations, wherein the magnetic properties of the three cation distributions are assumed to be different. A good accord is found between the computed and measured magnetic Compton profiles.
Introduction
Spinel ferrites with the general formula MFe 2 O 4 , where M is a 3d transition metal, have been studied intensely in view of their potential applications in high-density magnetic recording, microwave devices, and magnetic fluids [1, 2] . An important member of this class of materials is nickel ferrite, NiFe 2 O 4 , which is used in transformers, telecommunications, computer components, aircraft, and sensors [3] , and it is also the main product of corrosion of Ni-Cr-Fe alloys in nuclear reactors [4] . NiFe 2 O 4 , nickel aluminate (NiAl 2 O 4 ), and their solid solutions, i.e. NiFe 2−x Al x O 4 , are formed during stabilization of NiO, which is a waste product from Ni-based industry [5, 6] . Applications potential of these materials is driven by their unique magnetic and electrical properties, which undergo drastic changes depending on cation distribution. The parent compound, magnetite, Fe 3 [7] transition temperature (T V ), electrons in magnetite can hop between Fe +2 and Fe +3 on the B sites, and the material is conducting. In a simple model, these electrons become frozen below T V , and magnetite becomes insulating. The real picture, however, is more subtle since the anion character of the electrons also plays an important role in the Verwey transition [8] . Magnetic and electronic properties of magnetite can be controlled by introducing 3d transition metals or other elements into the material (Ni and Al in this study). For example, in contrast to metallic alloys where Ni and Co, at relatively low concentrations, increase the Fe magnetic hyperfine field [9] [10] [11] [12] and magnetic moment [13] , the saturation magnetization of Fe atoms is reduced when these elements are introduced into magnetite [14, 15] . Furthermore, the Fe magnetic hyperfine field is slightly increased in such ferrites [15] compared to undoped magnetite [16] . On the other hand, non-magnetic elements such as V and Al decrease the Fe magnetic moment and its hyperfine field in both metallic alloys [9, 17] as well as ferrites [14, 18] .
Understanding magnetic and electronic properties of NiFe 2−x Al x O 4 alloys is thus of considerable interest for many applications. Lilova et al [19] recently used x-ray absorption near edge structure (XANES) measurements and Mössbauer spectroscopy to investigate the cation distribution as a function of x.
In this study we employ magnetic Compton scattering [20] (MCS), which measures the spin-polarized electron momentum density (EMD), in order to directly probe the nature of magnetic atoms. MCS experiments involve the measurement of the so-called magnetic Compton profiles (MCPs) [21] ,
, of magnetic atoms, given by:
Here
is the electron momentum and 
in terms of the up-spin and down-spin electron wave functions
. The summation in equation (2) extends over all occupied states. The p z axis is taken to lie along the direction of the scattering vector. The shape of the MCP depends on the atomic species, the crystal structure, and the direction of the scattering vector.
It should be noted that Compton scattering, which refers to x-ray scattering in the deeply inelastic regime, involves interaction of the x-rays not only with the charge of the electrons but also with their spin. In particular, the MCP can be obtained by measuring two Compton scattering profiles where the direction of the scattering vector is arranged to lie parallel or opposite to the direction of magnetization of the sample. MCS has proven to be a powerful technique for characterization of a variety of different nanostructures, including iron-oxide nanocrystallites [22] , FeSc [23] and FeB [24] nanoglasses, and intermetallic nanoalloys [25] . As NiFe 2−x Al x O 4 compounds contain 3d-transition metals, their magnetic behavior is highly dependent on the interplay between Fe and Ni d-bands and Al s-and p-bands. An indepth understanding of their electron spin distributions will help improve applications of this class of ferrites.
Experimental details
Synthesis of NiFe 2−x Al x O 4 solid solution samples, which were prepared by sintering powder mixtures of NiO, Fe 2 O 3 , and Al 2 O 3 at 1673 K is described elsewhere [19] . MCS experiments were carried out at the BL08W beamline of SPring-8. The x-rays, elliptically polarized with 175 keV energy, were incident perpendicular to the sample surface. Energy spectra of the Compton-scattered x-rays were measured at 10 K under a magnetic field of ±2.5 T, where + and − signs refer to magnetic field oriented parallel or anti-parallel to the direction of the scattering vector. Spectra of magnetically scattered x-rays were obtained by taking the difference between the spectra taken at + 2.5 T and −2.5 T. Measurements were repeated with the magnetic field oriented in the sequence ABBABAAB, where A is + 2.5 T and B is −2.5 T, with data accumulated for 60 s in each step. The energy spectra were converted to MCPs using a standard data-processing method [26] .
Calculations
Concerning other relevant computations, electronic structures and MCPs of spinel ferrites have been investigated within the first-principles Korringa-Kohn-Rostoker (KKR) spin polarized framework [27, 28] . Perron et al [29] studied various magnetic arrangements of NiFe 2 O 4 in both the normal and inverse spinel structures using local spin density approximation (LSDA) as well as the generalized gradient approximation (GGA), and found the inverse spinel structure with ferrimagnetic order to be energetically favorable [29] , in good agreement with experimental observations. The LSDA reproduces magnetic structures, but the GGA plays a crucial role in stabilizing the correct structure [30] . The electronic structure of NiFe 2 O 4 has also been computed within a hybrid functional approach using 40% of Hartree-Fock exact exchange [31] , which predicts a large band gap of 4 eV. A theoretical band gap of 2.3 eV in NiFe 2 O 4 has, however, been reported recently based on the Heyd-Scuseria-Ernzerhof (HSE06) exchange-correlation functional [32] . In the present work, we have computed the MCPs using the Korringa-KohnRostoker coherent-potential-approximation (KKR-CPA) [33, 34] Figure 1 illustrates the inverse spinel structure of NiFe 2 O 4 with Ni and Fe-atoms randomly distributed on the octahedron sub-lattice. As in the case of the spinel Li battery materials [35] , LSDA KKR-CPA produces a metallic state. An energy gap can be restored by using hybrid functionals [31] . However, the electron momentum density and the MCP, which are our main interest, are generally not too sensitive to the presence of band gaps in the spectrum [27, 28, 36] . Therefore, energy gap corrections have not been included in the theoretical MCPs obtained here using equations (1) and (2).
We have also performed density functional theory calculation for the extreme case where all Fe sites are substituted by Al. These calculations were carried out using the KKR-CPA, and for comparison, also by using the full potential projector augmented wave method and GGA [37] as implemented in the VASP package [38, 39] . The VASP based self-consistent calculations were performed using a Γ centered × × 8 8 8 kmesh, with energy convergence set below 10 −6 eV. The energy cutoff for the plane-wave basis set was 600 eV.
Results
All measured MCPs are presented in figure 2. Our proposed model of cation distribution and spin structure of various investigated samples is presented in figure 3 .
Mössbauer experiments on NiFe 2 O 4 [19] indicate that Ni atoms are located at the octahedral B sites and the Fe atoms are in the ferric state and distributed equally between the octahedral and tetrahedral sites, so that the distribution of magnetic ions is (Fe 3+ )[Ni 2+ Fe 3+ ]O 4 . As a result, the magnetic moments of Fe and Ni are coupled ferromagnetically at the octahedral sites, but coupled anti-ferromagnetically to the Fe at the tetrahedral sites. The MCP of NiFe 2 O 4 , shown in figure 2(a) , is very similar to that of a spherical maghemite nanocrystalline sample [22] . It is made up of two components, namely, a broad positive 3d profile, and a narrow negative contribution which makes a dip at p z = 0. The dip is caused by the negative spin-polarization of the Fe atom at the tetrahedral A site in figure 3 decreases with increasing Al content. The fact that the spin moment stays close to zero for x greater than 0.8 might be explained by invoking the diamagnetic response of Al. In order to support our picture of magnetism in figure 3 , which is adduced from experimental MCS results, we have carried out first-principles KKR-CPA calculations on (Fe) [(NiFe) 2−x Al x ]O 4 alloys in which Al is assumed to substitute randomly at both Fe and Ni sites for simplicity. The theoretical MCPs so obtained are shown in figure 5 figure 5(d) , implying that at this composition the moment on the tetrahedral A site dominates that of the octahedral B site due to the diamagnetic character of Al, in agreement with the experimental results of figure 2(c) . Moreover, for x = 0.60, theory produces the peak associated with the tetrahedral A site seen in figure 5(e) .
The calculated magnetic moments for x = 0.00 are 3.36 µ B for the tetrahedral Fe, 3.41 µ B for the octahedral Fe, and 1.06 µ B for Ni, all computed within a muffin tin radius of 1.7 a.u. Figure 6 shows the evolution of the calculated local magnetic moments on all Ni/Fe sites as a function of x. Interestingly, these local magnetic moments do not vary more than 0.25 µ B over the doping range from x = 00 to x = 0.60. Finally, the KKR-CPA calculation for the end compound NiAl 2 O 4 confirms that the magnetic moment of Ni is described fairly well by the MCP shape in figure 2(f) . In this case, the local magnetic moment on Ni has a large value of 1.50 µ B . However, the VASP calculation reveals that an antiferromagnetic (AFM) state shown in figure 7 competes with the ferromagnetic (FM) state calculated within the KKR-CPA scheme. In fact, in VASP, the total energy per unit cell of the AFM phase is 0.02 eV lower than that of the FM phase, suggesting that the net magnetic moment in the unit cell would be very small, which is in good agreement with the experiment. In this way, our theoretical MCP analysis validates the model presented schematically in figure 3.
Summary and conclusions
Using magnetic Compton scattering experiments together with parallel first-principles computations, we have systematically 
